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Abstract

The coupled model of Institute of Atmospheric Physics (IAP) is used to investigate the
effects of extratropical cooling/warming on the tropical Pacific climate. The IAP coupled
model is a fully coupled GCM without any flux correction. The model has been used in
many aspects of climate modeling including the IPCC AR4 climate change and
paleo-climate simulations. In this study, we subject the IAP coupled model to cooling or
heating over the extratropical Pacific. As in an earlier study, we impose the

cooling/heating over the extratropical region poleward of 10°N-10°S.

Consistent with earlier findings, we have found an elevated (reduced) level of ENSO
activity in response to an increase (decrease) in the cooling over the extratropical region.
We have also found that the changes in the time-mean structure of the equatorial upper
ocean are very different between the case in which ocean-atmosphere is coupled over the
equatorial region and the case in which the ocean-atmosphere over the equatorial region
is decoupled. For example, in the uncoupled run, the thermocline water across the entire
equatorial Pacific is cooled in response to an increase in the extratropical cooling. In the
corresponding coupled run, the changes in the equatorial upper ocean temperature in the
extratropical cooling resemble a La Nina situation—a deeper thermocline in the western
and central Pacific accompanied by a shallower thermocline in the eastern Pacific.
Conversely, with coupling, the response of the equatorial upper ocean to extratropical
cooling resembles an El Nino situation. These results ascertain the role of extratropical
ocean in determining the amplitude of ENSO. The results also underscore the importance
of ocean-atmosphere coupling in the interaction between the tropical Pacific and the

extra-tropical Pacific.



1. Introduction

El Nifio Southern Oscillation (ENSO) is a prominent mode of the climate system and
affects climate world-wide (Trenberth et al. 1998). Understanding the fundamental forces
that control the level of ENSO activity is a basic issue in the study of climate dynamics.
While our understanding of many aspects of ENSO is quite advanced (Neelin et al. 1998),
the understanding of global factors controlling the level of ENSO activity is still limited
(Wang and Picaut 2004, Sun 2004).

Among the global factors that have been suggested to be potentially important in
influencing ENSO is the subtropical/extratropical cooling or heating. Using a coupled
model, Bush et al. (1998) investigated the impact of extratropical cooling associated with
the Last Glacial Maxium on the tropical Pacific SST. They found that the tropical air-sea
interaction amplifies the cooling effect from the high latitudes on the tropics. The
attributed this amplification to two factors: (1) the positive Bjerknes feedback within the
tropics (Neelin et al. 1998) and (2) the exchange of water between the tropics and
extratropics through the “ocean tunnel”—surface water of the extratropical ocean is
subducted downward and equatorward to feed the equatorial undercurrent and therefore
the equatorial upwelling (Pedlosky 1987, Liu et al 1994, McCreary and Lu 1994). They
did not analyze, however, the corresponding changes in ENSO amplitude. Using a simple
box model, Sun (1997, 2000) suggested that the amplitude of ENSO may depend on the
subsurface temperatures and therefore raised the possibility that extratropical/subtropical
cooling/warming may influence the amplitude of ENSO as the equatorial thermocline
water comes from the extratropical/subtropical ocean. Using a hybrid coupled
model—the NCAR Pacific basin model coupled to an empirical atmosphere, Sun et al.
(2004) conducted numerical experiments to further investigate the response of the ENSO
amplitude to an imposed extratropical cooling/warming. They found that the level of
ENSO activity increases in response to an increase in the extratropical cooling. They
explain this result by noting that the extratropical cooling eventually cools the equatorial
thermocline water and thereby destabilize the coupled equatorial ocean-atmosphere
system. The stronger ENSO is a response to this destabilizing forcing. Conversely, they

found that an extratropical warming (or a decrease in extratropical cooling) reduces the



level of ENSO activity. Combined with the results from an earlier study on the impact of
an increase in the radiative heating over the tropics on the ENSO amplitude (Sun 2003),
the results of Sun et al. (2004) links the amplitude of ENSO to the meridional differential
heating over the Pacific ocean and thereby to the heat uptake of the tropical Pacific and
poleward heat transport from that region. Fedorov et al. (2006) also suggested an
important role of extratropical warming/cooling and the poleward heat transport in
determining the level of ENSO activity. In particular, they suggested that the apparent
lack of ENSO activity 3 million years ago may be a consequence of a much warmer
extratropics during that period (Fedorov et al. 2006). In the same vein, they suggest that
the subsequent onset of ENSO was a response to the gradual cooling in the extratropics

taking place since 3 millions years ago.

Following upon the study of Sun et al. (2004), Sun and Zhang (2006) further showed that
the response of the time-mean state of the tropical Pacific to extratropical cooling is very
different in the case when the equatorial ocean-atmosphere is coupled (the case with
ENSO) and in the case when the equatorial ocean-atmosphere is not coupled. Their
results suggest that ENSO has a time-mean effect on the time-mean state. (Specifically,
the study of Sun and Zhang (2006) suggests that ENSO events, collectively, may act as a
basin-scale heat mixer that prevent the time-mean difference between the warmpool SST
and the temperature of the equatorial thermocline water from exceeding a critical value).
As suggested by Rodger et al. (2004), Schopf and Burgman (2006), and Sun and Yu
(2008), ascertaining and understanding the time-mean effect of ENSO could be critical to

a better understanding of the decadal variability in the tropical Pacific

The twin questions raided by aforementioned studies---what is the role of extratropical
cooling in determining the amplitude of ENSO and what is the feedback from ENSO on
the mean climate of the tropical Pacific---are obviously important for understanding
factors outside the tropical Pacific in determining the level of ENSO activity, and more
generally for understanding the role of ocean-atmosphere interaction in
tropical-extratropical communication in the climate system. The present investigation is
to further address these questions. The focus is on understanding, so we take a
step-by-step approach by following the methodology used in Sun et al. (2004) closely.

We will, however, use a more sophisticated coupled model—both components of the



model are GCMs. The paper is organized as follows. The model and experiment design is
discussed in section 2. In section3, we present the main results. Summary and discussion

are provided in section 4.

2. Model Description and Experiment Design

The version g1.1 of AP coupled GCM FGOALS is used in study to investigate the effect
of the extra-tropical cooling and warming on ENSO behavior. The coupled GCM consists
of four interactive components: atmospheric, oceanic, land and sea ice models connected
by NCAR flux coupler version 5 (Collins et al. 2003). The oceanic component model is a
LASG/IAP Climate system Ocean Model (LICOM) versionl.1 (Zhang et al. 2003; Liu et
al. 2004; Xiao and Yu 2006). In this study, the horizontal resolution of LICOM was
subscribed to 1.0°x1.0°, and thirty levels are used in vertical with 12 equal levels in the
upper 300 meters. The atmospheric component model is a grid-point model: Atmospheric
Model of IAP/LASG (GAMIL). The dynamical core includes a finite difference scheme
that conserves total mass and energy in solving the primitive hydrostatic equations of a
baroclinic atmosphere [Wang et al., 2004], and a two-step shape-preserving advection
scheme for the moisture equation (Yu 1994). The model employs a hybrid horizontal grid,
with Gaussian grid of 2.8° between 65.58°S and 65.58°N and weighted equal-area grid
poleward of 65.58°. There are 26 o-layers from surface to 2.19 hPa. The physics package
was taken from the National Center for Atmospheric Research (NCAR) Community
Atmospheric Model, Version 2 (CAM2) (Collins et al. 2003). The sea ice and land
component models are respectively the NCAR sea ice model (CSIM4) (Bettge et al. 1996)
and the NCAR common land model (CLM2.0) (Bonan et al. 1997). We adjust the
land-sea mask and horizontal resolution of land and sea ice models to match those of
atmospheric and oceanic models. More details of the model can be found in Yu et al.
(2007).

In this study, in order to be consistent with the way cooling and warming are applied in
Sun et al. (2004), we stripped the full FGOALS to a simpler version in which daily heat,
momentum and fresh water fluxes are exchanged in the tropical Pacific between
10°S-10°N only. Outside of 10°S-10°N of the tropical Pacific, the AGCM and OGCM are
not coupled but forced with the observed forcing. The AGCM is forced with the observed



climatological SST and sea ice distribution. The OGCM is forced with the observed
climatological wind stress, fresh water flux, and heat flux calculated from a restoring
thermal boundary condition in which the restoring SST is the observed climatological
SST. We conducted a control run, an extra-tropical cooling run, and an extra-tropical
warming run with this coupled GCM. The extratropical cooling and warming imposed
over the ocean’s surface are the same as in Sun et al. (2004). The length of the run for all

three runs is 80 years. We use the last 40 model years in this study.

In order to isolate the effects of the air-sea interaction on the response of the mean tropical
Pacific climate to extra-tropical warming and cooling, we carry out three additional
experiments with the ocean component model of the aforementioned coupled GCM: a
control run, an extra-tropical cooling run, and an extra-tropical warming run. The
perturbations are again either extratropical cooling and warming and take the same form
as in the coupled experiments. For these three uncoupled experiments with the ocean
component, we use climatological surface forcing everywhere including the equatorial
region (i.e., the wind stress, the restoring SST, and freshwater flux that have no

interannual variations). Thus in these experiments, there are no ENSO events.

Thus, as in Sun et al. (2004), for either extratropical cooling or warming, we have a pair
of experiments—one of the experiments is coupled over the equatorial region we call
this experiments the case with ENSO or simply the coupled run) and the other

experiments is not coupled we call this experiment the case without ENSO or simply the

uncoupled run). The coupled runs are 80 years long—the last 40 years were used in the
analysis. The forced experiments are 50 years long and the last 10 years were used for the
analysis. Note that the purpose here is not compare which run is closer to the observations,
but to examine the influence of equatorial ocean-atmosphere coupling on the response of
the tropical pacific climate to an imposed extratropical forcing. A summary of the

experiments are listed in Table 1.

3 Results



3.1 Control run

Figure 1 shows the climatological annual mean SST (color), precipitation (contour) and
wind stress (arrows) of the control run in the tropical Pacific from the tropically coupled
GCM (coupling is restricted to the tropical Pacific) and from the full version (globally
coupled). The change in the large-scale pattern of SST, wind stress, and precipitation is
from the full version to the stripped down version is small. In comparison with
observations, there remains a cold bias in the central equatorial Pacific and warm bias in
the southeastern Pacific. The cold and warm SST biases are accompanied with an
overestimated and underestimated rainfall biases, respectively over these two regions.
Consequently, the simulated precipitation appears to be more symmetric about the
equator than in the observations, exhibiting the so-called "Double ITCZ" syndrome
(Mechoso et al. 1995)—a common bias in the state-of-art coupled models that do not use
flux adjustment (Sun et al. 2006). The tropically coupled model has a slightly warmer
cold-tongue than the full version. The annual cycle in the stripped-down version is
notably more realistic than the full version (Fig. 2). Both versions have pronounced
interannual variability. Figure 3 shows the time series of Nino3.4 SST anomaly from the
tropically coupled model together with the corresponding time series from the full model.
The observed Nino3.4 SST over the last 40 years are also shown for comparison. The
amplitude of ENSO in the tropically coupled model is weaker than the full version, but
more comparable to the observed. The period of the ENSO in the tropically coupled
model is more biannual than the full version. ENSO in both versions is more regular and
stronger than in the observations. These differences from observations are common in
coupled GCMs (van Oldrenborgh et al. 2005.) The spatial patterns of the SST anomaly
associated ENSO from these two versions and the observations are shown in Fig. 4. As in
many other coupled models, the anomaly extended too far to the west, but the overall
feature resembles the observations well. More detailed discussion about the climatology

and variability in this model can be found in (Yu et al. 2007)

3.2 Extratropical cooling experiments

Fig. 5a and 5b show respectively the response of the climatological annual mean SST in



the case without ENSO (equatorial ocean-atmosphere is not coupled) and in the case with
ENSO (equatorial ocean-atmosphere is coupled) to the extratropical cooling. In the
uncoupled experiment (Fig. 5a), the response of the SST of the equatorial Pacific to the
imposed cooling about 1°C over the extratropical Pacific is weak: the cooling is less than
0.2°C and is confined to the eastern Pacific only. When air-sea interaction is considered in
the coupled model, however, the cooling to the equatorial surface ocean is enhanced to
about 0.4°C, and this cooling extends to the western tropical Pacific (Figure 5b). The
corresponding seasonal march of the SST difference between the extra-tropical cooling
and control runs from the coupled GCM is further shown in Fig. 6a together with the
corresponding seasonal march of the zonal wind stress and the net surface heat flux. The
figure shows a reduced seasonal cycle. The strongest cooling is about 0.8°C and occurs in
the first half year (Fig. 6a) and this corresponds to a period with enhanced easterly wind
stress in the middle and western Pacific (Fig. 6b). The corresponding evolution of the
changes in the net surface heat flux shows that it acts as a negative feedback that damps
the SST changes (Fig. 6¢).

The response of the entire equatorial upper ocean temperature to the imposed
extratropical cooling is shown in Fig. 7. The upper panel is for the case without ENSO
(uncoupled run) and the bottom one is for the case with ENSO (coupled run). In the case
without ENSO, the maximum cooling can be found in the thermocline with maximum
value about 0.7°C. As in the experiments of Sun et al. (2004), the cooling is largely
confined to the subsurface. The surface cooling is only 0.2°C. Note that the sea surface
temperature is restored to the observed SST in the uncoupled model. The cooling to the
surface is largely limited to the eastern Pacific, resulting in a weak increase in the zonal

SST contrast.

In the coupled run, the response of the equatorial upper ocean temperature has almost
completely different pattern: the subsurface cooling is substantially reduced. In fact, the
subsurface of the western Pacific even has slightly positive anomaly. The cooling is no
longer confined to the subsurface ocean. Instead, it extends to the surface of the entire
equatorial ocean. Because in this case, the equatorial zonal wind stress is coupled to the
SST gradients, the subsurface temperature is not only affected by the extratropical

cooling but also by the zonal wind stress in the coupled run. Because the extratropical



cooling to the equatorial upwelling water through the “ocean tunnel” (Pedlosky 1987, Liu
etal 1994, McCreary and Lu 1994) alone results in an increased zonal SST contrast (Fig.
7a), the zonal wind stress is then enhanced. The enhanced zonal wind stress can deepen
mean depth as well as the zonal tilt of thermocline (Jin 1996, Sun 1997)—a configuration
that favors stronger ENSO events. Figure 8 shows the standard deviation of monthly
mean SST from the control and extratropical cooling runs by the coupled GCM. The
ENSO amplitude is enhanced in the extratropical cooling run. As shown in Figure 7a, in
the absence of coupling, the imposed extratropical cooling increase the temperature
contrast between the western Pacific surface water and the thermocline water, and thereby
constitutes a destabilized effect of the ocean-atmosphere system. A stronger ENSO is

expected to neutralize this destabilization.

The meridional section of temperature changes averaged 90°W-150°W from extratropical
cooling run is shown in Figure 9. Although the external forcing is superimposed in the
extratropical surface ocean, both coupled and uncoupled runs show a relatively large
surface cooling centered at the equator. The weakest surface cooling can be found
between 5°-10°N(S). This pattern of cooling is consistent with the “ocean tunnel” effect:
colder water penetrates into equatorial thermocline through subduction along isentropic
surfaces (Pedlosky 1987, Liu et al 1994, McCreary and Lu 1994). Consequently, the
surface water off the equator between 5°-10°N(S) is hardly affected by the extratropical
cooling. Having compared temperature changes from the uncoupled run with those from
coupled run, two distinctive things can be found. The first one is that the subsurface
cooling along the equator is weakened in the coupled run as shown in Figure 7. This is
due to stronger vertical water exchange in the coupled run induced by air-sea interaction.
On the other hand, the amplitude of cooling in the extratropical region in both the surface
and subsurface is also reduced in the coupled run. Because the air-sea interaction is turned
off in the extratropical region and the same external forcing is applied in coupled and
uncoupled runs, the weakened extratropical cooling in the coupled run results from an

enhanced poleward heat transport by oceanic circulation.

3.3 Extratropical warming experiments:

Extratropical warming experiments generally show reversed patterns as the extratropical



cooling ones. Fig. 10 shows the SST changes in response to an imposed extratropical
warming. The upper panel is for the case without ENSO (uncoupled run) and the lower
panel is for the case with ENSO (coupled run). In the case with ENSO, the extratropical
warming leads to about 0.2 °C warming in the eastern equatorial Pacific (Fig.10 b). In the
case with ENSO, the tropical warming is strengthened to 0.4 °C and the warming extends

all the way to the western Pacific.

Figure 11 shows equatorial temperature changes from extratropical warming experiments
in the case without ENSO and the case with ENSO. Fig. 11ais for the case without ENSO,
and Fig.11b is for the case with ENSO. Fig.11a and Fig. 11b are about the reverses of Fig.
7a and Fig.7b. In the absence of coupling, the effect of the imposed extratropical warming
on the equatorial upper ocean temperature is largely confined to the thermocline. In the
present of coupling, the response of the upper ocean temperature resembles an El Nino
pattern. The eastern Pacific is much warmer while the subsurface of the western Pacific

actually gets cooler.

Closer comparison between the warming case and the cooling case reveals differences
that may be of significance. The imposed cooling and the heating over the extratropical
Pacific is the same, but Fig.7a and Fig.11a show that the equatorial thermocline
temperature response to the cooling more sensitively (0.7°C cooling versus 0.5°C
warming). There are no noticeable asymmetries in the coupled experiments, though. In
response to the weakened zonal SST gradients, the zonal winds become weaker, which
result in a flattening and shoaling of the thermocline. Compared with the control run of
coupled model, the extratropical warming run reveals pronounced subsurface warming
along the thermocline, consequently resulting in a weakened temperature contrast
between surface temperature in the western Pacific and that in the thermocline. This
change implies a stabilized effect of the ocean-atmosphere system. Indeed, ENSO in the

case with warming imposed is weaker (Fig. 12).

The pattern of meridional section of temperature changes from extratropical warming is
quite similar to the case of extratropical cooling  but there are some differences (Figure

13). For example, a uniform cooling can be found along the equator in the extratropical
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cooling case without ENSO, but in the corresponding extratropical warming case, the
warming can only be found above 200m. Below this depth in the extratropical warming
case, the response is actually cooling. In the coupled case (i.e, the case with ENSO),
coupled extratropical cooling run shows weakened extratropical cooling in the both
hemispheres, and the coupled extratropical warming run shows weakened extratropical

warming in the Southern Hemisphere only.

4. Summary

Following the study of Sun et al. (2004), we have conducted an extended investigation of
the role of equatorial ocean-atmosphere coupling in extratropcial and tropical
interactions—particularly how the equatorial coupling affects the response of the tropical
Pacific upper ocean to extratropical cooling/warming. The extratropical warming and
cooling  experiments are carried out with a regionally  coupled
GCM—ocean—atmosphere is only coupled over the equatorial Pacific. Experiments
were conducted in pairs. In one of the experiments, ocean-atmosphere over the equatorial

region is switched off, and therefore ENSO is not present. When the equatorial
ocean-atmosphere is not coupled no ENSO), extratropical cooling/warming respectively

increases and decreases the thermal contrast between the warmpool SST (Tw) and the
characteristic temperature of the equatorial thermocline water (Tc) (i.e., respectively
destabilizes and stabilizes the coupled equatorial ocean-atmosphere system). Comparing

coupled experiments with and the uncoupled experiments, it can be found that the
equatorial air-sea interaction or the presence of ENSO) reduces the response of Tw-Tc

through stronger vertical exchange of heat induced by ENSO in the coupled run. ENSO
amplitude is enhanced in the extratropical cooling run and reduced in the extratropical
warming run. The response of ENSO amplitude to the cooling in the present model
appears to be less sensitive as in the model of Sun et al. (2004), possibly because the
control run in the present model already has very strong ENSO. The response of ENSO
frequency to extra-tropical cooling/heating is also compared, but we have not found any
significant change in period. Also, by contrasting the extratropical warming runs with the

corresponding cooling runs, we find that the mean tropical climate is more sensitive to
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extratropical cooling than to extratropical warming, particularly in the case in the absence

of coupling, suggesting a potential role of the buoyancy effects.

To be in line with Sun et al. (2004), and taking a step-by-step approach, we have limited
ocean-atmosphere coupling in the coupled experiments to the equatorial Pacific. We plan
to carry out additional perturbation experiments in which ocean-atmosphere over

extratropical Pacific are also allowed to couple. These experiments are more technically
difficult but will allows us to investigate whether the role of ENSO as delineated in Sun

et al. (2004) and in the present study in facilitating the remote forcing from the
extratropcial ocean onto the equatorial ocean still holds in a more realistic setting. As in
other models, the present model has a cold bias. We will need to investigate whether and
how the tropical cold bias may impact the response of the coupled model to extratropical

cooling or warming.

Tropical-extratropical interaction though the “Ocean Tunnel” (Pedlosky 1987, Liu et al.
1994, McCreary and Lu, 1994) has been hypothesized as an important mechanism for
decadal variability in the Pacific (Deser et al. 1996, Gu and Philander 1997). The role of
ENSO—or more generally the equatorial ocean-atmosphere coupling—has not been
adequately considered in these studies. By delineating the role of equatorial
ocean-atmosphere coupling in the tropical-extratropical interaction, the present study
may also help to advance our understanding of the decadal variability in the tropical
Pacific. In the same vein, the present study may also help to understand the Pacific
climate change over centennial and longer time-scales. For example, Cobb et al. (2003)
has found that during the little ice age—a period during which significant cooling was
registered in extratropical regions (Bradley et al. 2003), ENSO was more energetic than
many other periods during the last millennium. Conversely, the proxy data by Rein et al.
(2004) suggests a weak ENSO activity during the medieval warm period—a period
during which significant warming was observed in the extratropical regions. The present

study may help to understand these paleoclimate observations.

Because the climate response in the tropical Pacific to increased greenhouse gases has

been paid to more and more attention, the present study may also help to understand the
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response of the tropical Pacific climate to global warming. So far, most of the efforts in
understanding the response of the tropical Pacific climate to global warming simulated by
coupled GCMS have largely been concentrated on factors within the tropics (Knutson and
Manabe 1995, Meehl and Washington 1996, Vecchi et al. 2006, DiNezio et al. 2009). The
present study suggests that a tropical perspective alone may not be adequate in
understanding the effects of global warming on the level of ENSO activity or on the mean
state, particularly in consideration that the changes in the mean tropical upper ocean

stratification already includes the response of ENSO to extratropical forcing.
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Table Legends:

Table 1: A summary of the experiments.
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Table 1 Experiments

Experiment | Coupling Extra-tropical Conditions | ENSO?
A 10°S-10°N Climatology Yes

B 10°S-10°N Warming Yes

C 10°S-10°N Cooling Yes

D None Climatology No

E None Warming No

F None Cooling No

Table 1: A Summary of the experiments.
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Figure Legends

Figure 1 Climatologica annuall mean SST (shaded), precipitation (contour), and wind

stress (vector) in the tropical Pacific from the control run by the tropically coupled GCM
(a) and the globally coupled GCM (Unit: °C)  Data from the 41st to 80th model year

were used for this plot).

Figure 2: The seasonal cycle of the SST (averaged over 2°S-2°N) for the two versions of
the model—tropically coupled only version and the globally coupled version-- (a, b) and

the observations.

Figure 3 Monthly mean Nino3.4 index from the control run of the tropically coupled
GCM (red) and the full version (black) and observation (green). (Unit : °C)

Figure 4. Spatial pattern of SST anomaly associated with ENSO as represented by the
leading EOF of the tropical Pacific SST variability within the region 10°S-10°N for the
control run of the two versions of the model (a and b), and for the observations (c).

Recall that the coupling is restricted to the equatorial region (10°S-10°N).

Figure 5 (a) SST differences between the uncoupled extra-tropical cooling run an the
control run. (b) SST differences between the coupled extra-tropical cooling run and the
control run (unit : C). The corresponding differences in the surface wind stress are shown
as arrows (unit: N/m*m). For the coupled run, the 41%'to 80" model year were used in the

calculation. For the uncoupled run, the last 10 years of a 50 year long forced run was used.
Figure 6. The seasonal march of the SST differences between the coupled extra-tropical

cooling run and the control run (a). (b) and (c) are the corresponding seasonal march of

the zonal wind stress differences and the net surface heat flux differences.
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Figure 7. Depth-longitude section of temperature difference in °C) along the equator

between the extra-tropical cooling run without ENSO and the control run (a) and between
the extratropical cooling run with ENSO and the control run (b). The red line indicates the

position the 20C isotherm in the control run. The data used are the same as for Fig. 5.

Figure 8. Standard deviation of monthly mean sea surface temperature for control run (a),
extratropical cooling run (b), and the difference between the two runs (c) (unit: °C). Note

that both run are coupled runs. . The data used are the same as for Fig. 5.

Figure 9. Depth-latitude section of temperature difference  in °C) between extra-tropical

cooling run without ENSO and the control run (a) and between the extra-tropical cooling

run with ENSO and the control run (b). The data used are the same as for Fig. 5.

Figure 10. (a) SST differences between the uncoupled extra-tropical warming run an the
control run.(b) SST differences between the coupled extra-tropical warming run and the
control run (unit : °C). The corresponding differences in the surface wind stress are shown
as arrows (unit: N/m*m). For the coupled run, the 41% to 80™ model year were used in the

calculation. For the uncoupled run, the last 10 years of a 50 year long forced run was used.

Figure 11. Depth-longitude section of temperature difference in °C) along the equator

between the extra-tropical warming run without coupling and the control run (a) and
between the extratropical warming run with coupling and the control run (b). The data

used are the same as for Fig. 10.
Figure 12. Standard deviation of monthly mean sea surface temperature for control run

(a), extratropical warming run (b), and the differences between the two runs (c) (unit:

C).). The data used are the same as for Fig. 10.
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Figure 13. Depth-latitude section of temperature difference in °C) between

extra-tropical warming run without ENSO and the control run (a) and between the
extra-tropical warming run with ENSO and the control run (b). The data used are the

same as for Fig. 10.
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Figure 1 Climatological mean SST (shaded, unit: C), wind stress (vector, unit : N/(mxm))
and precipitation rate (contour, unit: mm/day) in the tropical Pacific from the control run
the tropically coupled GCM(a) and the globally coupled GCM(b), where SSTs from the 41st to
80th model year were used for this plot.
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Figure 2: The seasonal cycle of the SST (averaged over 2S—2N) for the two versions
of the modeltropically coupled only version and the globally coupled version—— (a, b)

and the observations (c).
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Figure 3 Monthly mean Nino3.4 index from control run by the tropically coupled GCM (red),
the full version (black) and observation (green). (unit : C)




The 1st mode of SST from the tropically coupled GCM
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(c)
Figure 4 Spatial pattern of SST anomaly associated with ENSO as represented by the leading EOF
for the control run of the two versions of the model (a and b), and for the observations (c%




Response to Extra—tropical Cooling Run (uncoupled)
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Figure 5 (a) SST differences between the uncoupled extra—tropical cooling run an the control run.
(b) SST differences between the coupled extra—tropical cooling run and the control run (unit : C).
The corresponding differences in the surface wind stress are shown as arrows (unit: N/mm). For the
coupled run, the 41st to 80th model year were used in the calculation. For the uncoupled run, the
last 10 years of a 50 year long forced run was used.
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Figure 6. The seasonal march of the SST differences between the coupled extra—tropical

cooling run an the control run (a).

(b) and (c) are the corresponding seasonal march of

the zonal wind stress differences and the net surface heat flux differences.
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(b)
Figure 7 Depth—longitude section of temperature difference (in C) along the eauator
between the extra—tropical coaling run without ENSO and the control run(a) and between the
extratropical cooling run with ENSO and the control run (b). The red line indicates the
position the 20C isotherm in the control run. The data used are the same as for Fig. 3.



Control Run (coupled)

12°N
8°N
4°N
0°
4°S
8°S
12°S

=

120°E

Cooling Run (coupled)

120°E 180°E 160°W 120°W

Cooling Run — Control Run (coupled)

0.5
120N
8°N
PEIN 0.4
0
4°S 0.3
8°S
12°3
0.2

(c)
Figure 8 Standard deviation of monthly mean sea surface temperature for control run (a),
extratropical cooling run (b), and (c) difference between extratropical cooling and control runs. (Unit: C)
Note that both runs are coupled runs.



Difference between Cooling Run and Control Run (uncoupled)
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Figure 9 Depth—latitude section of temperature difference averaged from 90W to 150W (in C)

between extra—tropical cooling run and the control run without ENSO (a) and between the extra—
tropical cooling run and the control run with ENSO (b). The dota used are the same as for Fig. 3.
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Figure 10 (a) SST differences between the umcéegﬂed extra—tropical warming run an the control run.
(b) SST differences between the coupled extra—tropical warming run and the control run (unit : C).
The corresponding differences in the surface wind stress are shown as arrows (unit: N/mm). For the
coupled run, the 41st to 80th model year were used in the calculation. For the uncoupled run, the
last 10 years of a 50 year long forced run was used.



Difference between Heating Run and Control Run (uncoupled)
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(b)
Figure 11 Depth—longitude section of temperature difference (in C) along the
equator between the extra—tropical heating run without ENSO and the control run
(a) and between the extratropical heating run with ENSO and the control run (b).
The red line indicates the position of the 20C isotherm in the control run. The
data used are the same as for Fig. 7.
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Figure 12 Standard deviation of monthly mean sea surface temperature for control run (a),
extratropical heating run (b), and (c) difference between extratropical heating and control runs. (Unit: C)
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Figure 13 Depth—latitude section of temperature difference averaged from 90W to 150W (in C)

between extra—tropical heating runand the control run without ENSO (a) and between the extra—
tropical heating run and the control run with ENSO (b). The data used are the same as for Fig. 7.
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